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Abstract The influence of tertiary aromatic amines on the
course of BPO initiated cure reaction of unsaturated epoxy
polyesters with different styrene content has been stud-
ied by non-isothermal differential scanning calorimetry.
Unsaturated epoxy polyesters prepared from cyclohex-4-
ene-1,2-dicarboxylic anhydride, maleic anhydride and
suitable aliphatic glycol: ethylene glycol or 1,4-butanediol
or 1,6-hexanediol were dissolved in vinyl monomer (sty-
rene) resulting in a styrene content of 20–80% by weight.
The styrene solutions of polyesters were subjected to the
cure reaction with suitable curing agent: benzoyl peroxide
(BPO) used in various concentration (0.5–3.0 wt%) or the
mixture of BPO/stoichiometric ratio of chosen tertiary
aromatic amines: (N,N-dimethylbenzylamine (BDMA) or
2,4,6-tri(dimethylaminomethyl) phenol (DMP-30). The
curing characteristic such as: temperature of the cure initi-
ation (Tonset), peak maximum temperature (Tmax), final cure
temperature (Tend), heat generated during the cure reaction
(DH) were evaluated. It has been found that the course of the
cure reaction depended on the styrene content in prepared
compositions and the initiating system used. The performed
investigations confirmed that one of the applied tertiary
aromatic amine: BDMA was an effective promoter for BPO
decomposition process, causing a decrease in characteristic
curing temperatures of unsaturated epoxy polyesters with
styrene. The organic peroxide-amine interactions caused the
promotion of BPO decomposition to benzoyloxy radicals at
lower temperatures and thus accelerated the copolymeriza-
tion process. However, DMP-30 was a very sluggish pro-
moter for BPO decomposition, probably due to the presence
of both hydroxyl group, their ortho-position to two of three
amine groups and their branched structure. The redox
reaction between BPO and DMP-30 probably resulted in
non-radical products or radical formation which was inca-
pable of initiating the polymerization reaction.
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Introduction
In general, the cure of thermosets such as unsaturated
polyester and epoxy resins, proceeds by transformation from
liquid to rubber (gel) to glass to form a rigid cross-linked
structure [1, 2]. The cure reaction of unsaturated polyester
resins is a free radical chain-growth copolymerization
between carbon–carbon double bonds of vinyl monomer,
e.g., styrene, divinylbenzene, methyl (meth)acrylate, and
unsaturated double bonds in polyester’s chain [3]. In gen-
eral, to induce this cure reaction, various types of organic
peroxides, e.g., ketone or alkyl hydroperoxides, diacyl or
dialkyl peroxides, which decompose to form active species
at elevated temperature or with the addition of promoters are
commonly used [4, 5].
In contrast, epoxy resins can be cured with a number of
nucleophilic or electrophilic reagents, e.g., polycarboxylic
acid anhydrides, imidazoles, or amines [6–8]. The vari-
ous type of amines, both mono- or polyamines, e.g., N,N-
dimethylaniline (DMA); N,N-dimethyl-p-toluidine (DMPT);
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diaminodiphenyl methane (DDM) could be used as a curing
agents of epoxy groups or as catalysts of the cure reaction of
epoxy groups with acid anhydrides resulting in totally dif-
ferent molecular architecture of cured products: fully cross-
linked structure (with polyamines) or a linear structure (with
monoamines) [9, 10].
In the cure of epoxy using tertiary amine curing agent,
the initial step of polymerization is the formation of a
tertiary amine-epoxide zwitterion (the negatively charged
oxygen) which attacks another epoxy ring to form an oli-
gomer (polymer) via an anionic step growth mechanism
[10]. As it is generally known, the epoxy-amine reaction is
catalyzed by the presence of hydroxyl groups in the
reagent’s structure, or introduced with other compounds,
e.g., water, alcohol, or moisture. This allowed initiation
and acceleration of the epoxy-amine cure process due to
the formation of hydrogen-bonding groups [11, 12].
Moreover, based on literature data, tertiary aromatic
amines are most commonly applied as promoters for the
cure reaction of unsaturated polyester resins initiated by
organic peroxides. This applied ‘‘catalytic’’ system con-
sisting of organic peroxide and tertiary aromatic amine
makes possible free radical formation at temperatures
below those required for the peroxide alone [13–15]. The
mechanism of decomposition of BPO by tertiary aromatic
amines (e.g., DMA, DMPT, and N,N-dimethyl-m-toluidyne
(DDMT) in non-aqueous media has been already studied.
The promotion of BPO by those tertiary aromatic amines
depend on the formation of the complex (N-benzoylox-
ydimethylanilinium ion) which decomposes to radical
cations of tertiary amine and a benzoyloxy radical, which
initiates the cure reaction of unsaturated polyesters with
vinyl monomer [9, 16].
This article describes studies of selected tertiary aro-
matic amines as potential promoters of the cure of unsat-
urated epoxy polyester resins with styrene initiated benzoyl
peroxide. The experiments were performed at a heating
rate of 10 K min-1 in the temperature range of 20–500 C
under nitrogen atmosphere. The temperature of the cure
initiation (Tonset), peak maximum temperature (Tmax), final
cure temperature (Tend), heat generated during the cure
reaction (DH) as well as the thermal degradation temper-
ature (Td) were evaluated.
Experimental
Materials
Unsaturated epoxy polyesters (UEP) were prepared by
chemical modification of unsaturated polyesters based on
cyclohex-4-ene-1,2-dicarboxylic anhydride, maleic anhy-
dride (MA), Merck-Schuchardt (Germany), and suitable
glycol: ethylene glycol (EG) or 1,4-butanediol (BDO) or
1,6-hexanediol (HDO), Fluka, Chemika (Switzerland)
according to procedure described in [17]. Styrene was
delivered by Polish Chemical Reagents-POCH. Benzoyl
peroxide (BPO) (98% purity) was purchased from Merck-
Schuchardt (Germany). BDMA and DMP-30 were pro-
duced by Ted Pella, Inc., CA (USA). All reagents were
used as received. The structure of applied radical initiator
and tertiary aromatic amines was shown in Scheme 1.
Curing procedure
The styrene solutions of UEP based on suitable aliphatic
glycol: EG, BDO, or HDO containing different styrene
content (20–80 wt%) were prepared. Benzoyl peroxide at
concentrations of 0.5–3.0 wt% was used as a radical ini-
tiator. Also, stoichiometric ratio of suitable tertiary aro-
matic amine: BDMA or DMP-30 in the mixture with BPO
was applied as promoters of BPO decomposition as well as
standalone hardener of epoxy groups. The experimental
samples were prepared by mixing suitable amount of sty-
rene with BPO and/or promoter and added to unsaturated
epoxy polyesters, mixed to obtain homogeneous solutions.
The prepared compositions were tested immediately after
mixing by non-isothermal differential scanning calorimetry
(DSC).
Techniques
The calorimetric measurements were carried out in the
Netzsch DSC 204 calorimeter (Germany). The dynamic
scans were performed at a heating rate of 10 K min-1 from
room temperature to a maximum of 500 C under nitrogen
atmosphere (30 mL min-1). As a reference an empty alu-




















Scheme 1 The structure of





The cure behavior of the unsaturated epoxy polyester
systems was studied by non-isothermal DSC analysis. The
tertiary aromatic amines were used as potential promoters
of BPO decomposition as well as hardener of epoxy
groups. As a baseline for comparison, the cure of systems
initiated with only BPO (no amine) as well as samples
containing only amine (no BPO) were examined. The
samples were heated from 20 to 500 C, in order to eval-
uate thermal effects due to cross-linking and decomposi-
tion of the cured material under nitrogen. The curing
characteristics such as: temperature of the cure initiation
(Tonset), peak maximum temperature (Tmax), final cure
temperature (Tend), the heat generated during the cure
reaction (DH) obtained by the integration of the thermal
peaks, and also the decomposition temperature (Td) were
evaluated. Tables 1 and 2 contain the DSC data of the cure
reaction of unsaturated epoxy polyesters based on EG,
BDO, or HDO with different styrene contents as well as
various BPO concentrations, respectively. DSC curves for
these samples are shown in Figs. 1 and 2. In general, BPO
initiated cure reaction of the studied polyesters with styrene
was described by two asymmetric, exothermal peaks which
were related to free radical chain-growth copolymerization
and/or styrene homopolymerization (Tmax1) and thermal
curing of epoxy groups (Tmax2), as was proved in previous
publication [18]. Moreover, it is apparent from the scan-
ning DSC results, that Tonset values decrease but Tmax1 and
Tend1 values rise with increasing styrene content, see
Table 1. The differences in Tonset values are probably
associated with the oxygen concentration dissolved in the
resin during sample preparation (from air) and conse-
quently with the viscosity of prepared compositions. It is
Table 2 DSC data of the cure reaction of unsaturated epoxy polyesters based on EG, BDO, or HDO: styrene (20 wt%) initiated by different
BPO concentration (0.5–3.0 wt%)
Polyester BPO concentration/wt% Tonset/C Tmax1/C Tmax2/C Tend1/C DH1/J g-1 Td/C
EG 0.5 95 129 310 170 97 366
1.0 85 121 310 154 117 366
2.0 78 110 312 150 148 368
3.0 75 107 311 145 176 370
BDO 0.5 98 134 325 190 98 373
1.0 86 122 328 155 118 373
2.0 80 109 328 150 148 375
3.0 78 105 330 140 178 380
HDO 0.5 100 139 330 186 95 405
1.0 88 127 331 150 114 406
2.0 85 109 331 155 150 404
3.0 80 102 332 151 177 402
Table 1 DSC data of the cure reaction of unsaturated epoxy polyesters based on EG, BDO, or HDO: different styrene content (20–80 wt%)
initiated by BPO (1.0 wt%)
Polyester Styrene content/wt% Tonset/C Tmax1/C Tmax2/C Tend1/C DH1/J g-1 Td/C
EG 20 85 121 310 154 117 366
40 80 123 316 159 153 382
60 76 125 318 163 171 410
80 73 130 320 165 188 418
BDO 20 86 122 328 155 118 373
40 78 124 334 160 152 395
60 75 128 333 165 174 410
80 70 132 335 166 190 420
HDO 20 88 127 331 150 114 406
40 80 129 335 156 150 408
60 77 132 337 164 173 412
80 75 137 338 168 187 419
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well known that oxygen is an efficient inhibitor of con-
ventional radical polymerization [19]. Probably due to
lower viscosity of high styrene content samples, faster
oxygen diffusion from the resin in DSC chamber causes a
decrease in the induction period of the cure process and
thus lower Tonset [20, 21]. Moreover, it is reasonable to
expect a constant consumption rate of both monomers at
lower styrene content in the composition. However, mostly
polystyrene formation is expected initially but later in the
reaction styrene–polyester copolymerization is expected
due to higher molecular mobility of styrene molecules
at higher styrene content in a lower cross-linked state.
Nevertheless, when homopolymerization of styrene is
achieved, the copolymerization remains still active and
thus after this curing period, the formation of copolymer is
expected [22]. Probably, due to the steric hindrance, the
movement of reacting groups was significantly
restricted for higher styrene content compositions and thus
resulted in increasing of Tmax1 and Tend1 temperatures.
Also, increasing of the heat of polymerization (DH1)
with increasing styrene content is directly visible. This
observation was mainly connected with styrene (their
homopolymerization), which was confirmed by DSC anal-
ysis. The BPO initiated (1.0 wt%) cure process of pure
styrene was described by one exothermal effect with fol-
lowing values: Tonset = 75 C, Tmax = 136 C, Tend =
210 C, and DH = 190 Jg-1 in the studied experimental
conditions.
The effect of BPO concentration on the course of the
cure reaction was determined for the resins containing
various concentrations of radical initiator. The cure process
of unsaturated epoxy polyesters was described by two,
exothermal effects, Figs. 1 and 2. Moreover, Tonset and
Tmax1 values decreased with increasing concentration of
BPO, Table 2. This observation was in accordance with
literature data, where for ideal free radical chain-growth
polymerization, the rate of inhibitor consumption as well as
the rate of copolymerization reaction increased with higher
initiator concentration [19]. The total heat of polymeriza-
tion is the sum of the heat of copolymerization and/or
homopolymerization and the heat of decomposition of
organic peroxide [23, 24]. The decomposition of BPO, as
was confirmed in previous article [18], was highly exo-
thermal reaction so BPO concentration significantly influ-
enced on DH1 values. It is clearly seen that higher BPO
concentration in the studied compositions is given higher
values of DH1. However, the position of the second exo-
therm temperature peak (Tmax2) was independent of BPO
concentration. It definitely confirmed that BPO concen-
tration had no influence on the course of the thermal curing
of epoxy groups.
Tables 3 and 4 contain the DSC data of the cure reaction
of unsaturated epoxy polyesters with different styrene
contents as well as various BPO concentrations/stoichio-
metric ratio of BDMA, respectively. DSC curves for these
samples are shown in Figs. 3 and 4. BPO/BDMA initiated
cure reaction of the studied polyesters with styrene was
described by one broad non-entirely divided exothermal
peak with two maxima (Tmax1 and Tmax2). The cure process
started at relatively lower Tonset temperatures compared to
those only initiated by BPO. It could be confirmed that the
presence of tertiary aromatic amine: BDMA might accel-
erate of the cure reaction and promote the copolymeriza-
tion process due to the chemical interactions between
organic peroxide-amine, which lead to the production of
benzoyloxy radicals at relatively lower temperature [16].
Moreover, Tonset values decrease but Tmax1 and Tend values
of BPO/BDMA initiated cure process rise with increasing
styrene content, see Table 3. Also, Tonset and Tmax1 values
decrease with increasing BPO concentration for BPO/
BDMA initiating system, Table 4. The results were com-
parable to those obtained for BPO initiated reaction and
were discussed above. The second peak (Tmax2) occurs at






















Fig. 1 DSC curves of the cure reaction of unsaturated epoxy
polyester based on BDO—different styrene content (20–80 wt%






















Fig. 2 DSC curves of the cure reaction of unsaturated epoxy




Table 3 DSC data of the cure reaction of unsaturated epoxy polyesters based on EG, BDO, or HDO: different styrene content (20–80 wt%)
initiated by BPO (1.0 wt%)/BDMA
Polyester Styrene content/wt% Tonset/C Tmax1/C Tmax2/C Tend/C DH1 ? DH2/J g-1 Td/C
EG 20 65 124 170 254 277 380
40 60 125 172 259 308 385
60 58 128 174 263 323 395
80 50 135 170 265 348 410
BDO 20 64 126 182 255 283 385
40 59 124 181 260 312 390
60 60 129 180 265 333 400
80 53 135 185 266 352 415
HDO 20 70 128 185 250 279 395
40 65 133 187 256 320 400
60 58 138 190 264 339 410
80 55 139 192 268 342 418
Table 4 DSC data of the cure reaction of unsaturated epoxy polyesters based on EG, BDO, or HDO: styrene (20 wt%) initiated by different
BPO concentration (0.5–3.0 wt%)/BDMA
Polyester BPO concentration/wt% Tonset/C Tmax1/C Tmax2/C Tend/C DH1 ? DH2/J g-1 Td/C
EG 0.5 80 133 170 255 247 382
1.0 60 124 170 254 277 380
2.0 55 115 175 250 290 381
3.0 53 109 176 254 312 385
BDO 0.5 85 136 180 255 250 386
1.0 59 126 182 255 283 385
2.0 65 112 185 260 295 385
3.0 58 110 187 260 315 390
HDO 0.5 96 142 185 255 243 395
1.0 70 128 185 250 279 395
2.0 65 111 190 260 290 397






















Fig. 3 DSC curves of the cure reaction of unsaturated epoxy
polyester based on BDO—different styrene content (20–80 wt%























Fig. 4 DSC curves of the cure reaction of unsaturated epoxy
polyester based on BDO—styrene (20 wt% ST) initiated by different
BPO concentration/BDMA system
Influence of tertiary aromatic amines 991
123
initiated cure process (Tmax2 = 185 C). It confirmed that
the second maximum was directly connected with the
reaction between epoxy and amine, resulting in ether
linkage formation. This reaction was probably catalyzed by
the presence of hydroxyl groups in polyester’s structure
due to the formation of hydrogen-bonding groups [11, 12].
The total heat of polymerization (DH1 ? DH2) associated
with the peak for BPO/BDMA initiated cure reaction was
lower than the sum of the heat for only BPO and only
BDMA (DH = 230 Jg-1) initiated. It could be explained
by chemical interactions between BPO and BDMA com-
ponents. BDMA catalyzed BPO decomposition to radicals,
which initiated the cure process. In addition, during this
decomposition, some amount of amine was transformed to
the non-reactive tertiary amine cation in the epoxy-amine
curing reaction, which probably caused the reduction in the
total heat of polymerization. The presence of one signal
with two maxima suggested that the curing mechanism of
each component: carbon–carbon double bonds and epoxy
groups were affected by presence of the other. So it was not
possible to separate the radical polymerization from the
epoxy-amine reaction for used curing system. Both pro-
cesses run simultaneously and thus the increase of cross-
linking density of the matrix with progressing curing
caused increased Tend values for BPO/BDMA initiating
system compared to those only initiated by BPO. The
movement of reacting groups due to the steric hindrance
was reduced so decreasing the rate of the cure process was
expected.
However, the cure process initiated by BPO/DMP-30
system followed a different course by comparison to BPO/
BDMA initiated. The DSC data are summarized in
Tables 5 and 6. DSC curves for these samples are shown in
Figs. 5 and 6. The two effects are clearly visible in the
Table 5 DSC data of the cure reaction of unsaturated epoxy polyesters based on EG, BDO, or HDO: different styrene content (20–80 wt%)
initiated by BPO (1.0 wt%)/DMP-30
Polyester Styrene content/wt% Tmax1/C Tmax2/C Tend/C DH1/J g-1 DH2/J g-1 Td/C
EG 20 119 238 312 25 210 390
40 140 240 310 48 215 395
60 145 240 310 65 217 405
80 152 244 296 79 215 415
BDO 20 118 240 312 23 208 398
40 141 242 310 46 214 405
60 143 242 308 67 210 410
80 152 243 300 78 212 415
HDO 20 120 241 307 23 210 409
40 140 245 309 44 215 410
60 143 245 312 62 215 415
80 155 244 298 75 210 420
Table 6 DSC data of the cure reaction of unsaturated epoxy polyesters based on EG, BDO, or HDO: styrene (20 wt%) initiated by different
BPO concentration (0.5–3.0 wt%)/DMP-30
Polyester BPO concentration/wt% Tmax1/C Tmax2/C Tend/C DH1/J g-1 DH2/J g-1 Td/C
EG 0.5 119 240 312 23 225 395
1.0 119 238 312 25 210 390
2.0 120 238 310 25 202 394
3.0 121 241 312 24 194 391
BDO 0.5 120 242 312 24 220 395
1.0 118 240 312 23 208 398
2.0 121 240 310 27 202 399
3.0 119 240 309 28 192 395
HDO 0.5 120 243 308 25 225 405
1.0 120 241 307 23 210 409
2.0 119 241 309 25 200 410
3.0 118 239 310 27 195 406
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temperature range from about 80 C to about 320 C. The
first endothermal signal (Tmax1) was probably connected
with the evaporation of un-reacted styrene. This observa-
tion was confirmed by DH1 values. The DH1 values
increased with increasing styrene content in the studied
compositions, Table 5. The position of the second exo-
thermal peak (Tmax2) was independent of styrene content
and BPO concentration. Moreover, Tmax2 values for BPO/
DMP-30 initiated cure were comparable to those observed
for only DMP-30 (Tmax2 = 238 C) initiated where only
polyether linkage formation was expected. The DH2 values
of BPO/DMP-30 initiated cure reaction were a bit lower
than those obtained when only DMP-30 was used as a
hardener (DH2 = 250 Jg
-1). Also, DH2 values were almost
independent of styrene content in the compositions and
directly depended on BPO concentration. The DH2 values
decreased with increasing BPO concentration, Table 6. All
those observations suggested that the redox reaction
between BPO and DMP-30 may result in non-radical
products or radicals incapable of initiating the polymeri-
zation process. This behavior probably was directly
connected with the presence of hydroxyl group in DMP-30
structure or due to the steric hindrance. First, the transfer of
BPO radicals to hydroxyl group of DMP-30 through
hydrogen abstraction from the tertiary amine was expected.
During this transfer process there was a possibility of
generation of a radical from the tertiary amine, which was
incapable of initiating the polymerization reaction. Thus,
some amounts of the amine might be consumed which
resulted in a decrease in the overall rate of polymerization
or causing complete inhibition of the polymerization pro-
cess of carbon–carbon double bonds of polyesters and
styrene [4, 25]. Second, based on literature data, the pres-
ence of electron releasing substituents on the aromatic ring,
facilitated the nucleophilic attack of nitrogen on peroxide
oxygen, resulting in faster initiation of the cure process.
However, this process was more pronounced when the
electron releasing group is para or meta than ortho to the
amine group [9]. Due to this, the branched DMP-30
structure and the presence of electron releasing group in
ortho to two of three amine groups could act as a steric
hindrance causing the amine to be a very sluggish pro-
moter. In this case, only the exothermic peak connected
with the formation of polyether linkages during the reac-
tion between epoxy groups and amine groups was clearly
observed.
Conclusions
The influence of chosen tertiary aromatic amines: BDMA
or DMP-30 as potential promoters of the cure reaction of
the unsaturated epoxy polyester resins containing different
styrene content (20–80 wt%) initiated by various BPO
concentration (0.5–3.0 wt%) has been studied by non-
isothermal DSC. It was proved that the structure of the
tertiary aromatic amine used significantly influenced on the
course of the cure process. BPO/BDMA initiated cure
reaction of the resins in this study started at relatively lower
Tonset temperatures compared to those only initiated by
BPO. Also, the total heat of polymerization (DH1 ? DH2)
associated with the peak for BPO/BDMA initiated cure
reaction was lower than the sum of the heat for only BPO
and only BDMA initiated. This directly confirmed the
chemical interactions between BPO and BDMA compo-
nents. The organic peroxide-amine interactions caused the
promotion of BPO decomposition to benzoyloxy radicals
and thus accelerated the copolymerization process (lower
Tonset values). In addition, due to this process some amount
of the amine was transformed to the non-reactive tertiary
amine cation in the epoxy-amine curing reaction, which
consequently caused the reduction in the total heat of
polymerization. Moreover, the epoxy peak (Tmax2) was
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Fig. 5 DSC curves of the cure reaction of unsaturated epoxy
polyester based on BDO—different styrene content (20–80 wt%





















Fig. 6 DSC curves of the cure reaction of unsaturated epoxy
polyester based on BDO—styrene (20 wt% ST) initiated by different
BPO concentration/DMP-30 system
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BDMA initiated cure process. This confirmed the occurring
epoxy-amine reaction, probably catalyzed by the presence
of hydroxyl groups in polyester’s structure. The presence
of a single broad calorimetric signal for BPO/BDMA ini-
tiated cure process suggests that the radical polymerization
and the epoxy-amine curing reaction run simultaneously,
so for used curing system, the heating rate should help to
separate the processes, assuming that they have different
activation energies.
However, the results obtained for BPO/DMP-30 initi-
ated cure reaction of the studied resins were quite
surprising. BPO/DMP-30 initiated cure process of the
polyesters studied with styrene was quite different course
comparing to those BPO/BDMA initiated. Based on the
data reported, it was found, that DMP-30 was not suitable
as a promoter for BPO decomposition, probably due to the
presence of hydroxyl groups in their structure and/or the
steric hindrance (their more branched structure). The pos-
sible transfer of BPO radicals to hydroxyl group of DMP-
30 through hydrogen abstraction from the tertiary amine
used resulted in non-radical products or radicals incapable
of initiating the polymerization reaction. Thus, some
amount of DMP-30 was consumed which resulted in
decrease in the overall rate of polymerization or causing
complete inhibition of polymerization process of carbon–
carbon double bonds of polyesters and styrene. The calo-
rimetric signal describing the evaporation of styrene was
clearly indicated. In addition, the branched DMP-30
structure and the presence of electron releasing group in
ortho to two of three amine groups could act as a steric
hindrance causing the amine as a very sluggish promoter in
the redox reactions. In this case, only the epoxy-amine cure
reaction occurred, suggesting the formation of polyether
linkages.
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